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A Surfeit of Factors
Why is Ribosome Assembly so Much More Complicated
in Eukaryotes than Bacteria?
ABSTRACT
Recent years have seen a dramatic increase in the number of ribosome synthesis factors
identified in the yeast Saccharomyces cerevisiae. Most of these are not predicted to
directly catalyze either RNA processing or modification, and they are therefore predicted
to function in some sense as assembly factors, promoting the assembly and/or disassembly
of the processing and modification machinery, binding of the ribosomal proteins and
correct folding of the pre-rRNAs and rRNAs. In contrast, ribosome synthesis in E. coli,
which has also been extensively analyzed, appears to involve a very small number of
potential assembly factors. Here we will consider the differences between eukaryotic and
bacterial ribosome synthesis that may underlie this distinction.
The structure and function of ribosomes are believed to be conserved throughout all
domains of life, with mRNA decoding functions performed by the bacterial 30S or
eukaryotic 40S subunits and peptide bond formation catalyzed by the bacterial 50S or
eukaryotic 60S subunit. In all organisms the rRNAs presumably fold into similar, tightly
packed, core structures and some, although by no means all, ribosomal proteins (r-proteins)
are also conserved throughout evolution. The basic pathway of rRNA synthesis also
appears to be remarkably well conserved. The structure and polarity of the pre-ribosomal
RNA, in which the small subunit rRNA is cotranscribed with and positioned 5’ to the
major large subunit rRNAs, is conserved in almost all bacteria, archaea and eukaryotes (see
Fig. 1). Similarly, processing of the pre-rRNAs to the mature rRNAs seems rather similar,
at least in the few organisms in which this has been examined in any detail. Initial cleavages
separate the individual rRNA precursors, which then undergo subsequent 5’ and 3’
processing to generate the mature rRNAs. Moreover, several of the pre-rRNA processing
enzymes are clearly homologous in Escherichia coli and the budding yeast Saccharomyces
cerevisiae, the two organisms in which these have been best characterized (reviewed in refs.
1 and 2). In all organisms studied ribosome assembly proceeds via a complex multi-step
pathway but there appear to be substantial differences in subunit assembly in yeast and
bacteria.
In E. coli, functional subunits can be assembled in vitro from purified rRNA and r-pro-
teins, but this requires conditions that are far from physiological (reviewed in refs. 3 and 4).
In vivo, genetic and biochemical analyses have identified many rRNA processing and
modifying enzymes,4,5 but only a small number of nonribosomal factors have been reported
to participate in ribosome assembly (reviewed in ref. 3) (Table 1). Deletion or mutation of
two protein chaperones DnaK or GroEL or two putative RNA helicases CsdA or SrmB
causes defects in ribosome assembly at restrictive temperature, that are characterized by the
accumulation of discrete pre-ribosomal particles (Iost I, personal communication and refs.
6–8). An additional helicase DbpA binds to a specific region of the 23S rRNA and is
therefore also likely to function in 50S assembly.9,10 Two putative RNA chaperones RbfA
and RimM, and the GTPase Era, may play roles in pre-16S rRNA processing and late 30S
assembly.11,12 The overexpression of two further GTPases ObgE/YhbZ and EngA can
suppress a ribosome synthesis defect caused by defective 23S rRNA modification, but their
roles in ribosome synthesis have not otherwise been assessed.13 Strikingly, all of these
factors are dispensable for ribosome synthesis in vivo. They may therefore act to facilitate
ribosome assembly, and are probably of particular importance when physiological condi-
tions are not optimal. The RNA helicases and the RNA chaperone RbfA become essential
at low temperatures,7,12 whereas the protein chaperones are essential for ribosome assembly
at elevated temperatures.6,8 In vivo ribosome synthesis in E. coli is believed to proceed via
an “assembly gradient”, in which r-protein binding to the nascent rRNA transcript is
coupled to its folding and maturation (Fig. 1A).14 This probably restricts the possibilities
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for misassembly and forces maturation down the productive pathway,
thus limiting the need for nonribosomal assembly factors in vivo.
Loss of this organizing principle for the assembly pathway during in
vitro reconstitution might explain, in part, the requirement for non-
physiological conditions.4
Ribosome assembly appears to be quite different in eukaryotes.
Successful reconstitution of a functional eukaryotic subunit from
rRNAs and r-proteins in vitro has never been reported, and in vivo
ribosome synthesis requires a startlingly large number of trans-acting
factors. In yeast, around 170 proteins and ~70 small nucleolar RNAs
have been shown to participate in the post-transcriptional steps of
ribosomal subunit synthesis. At least 100 proteins that are essential
for ribosome production have no known, direct role in the matura-
tion or modification of the rRNAs, and they are therefore assumed
to function in the assembly and/or transport of the pre-ribosomes
(reviewed in refs.15–19) (Table 1).
WHY ARE THE YEAST AND BACTERIAL SYSTEMS SO DIFFERENT?
One clear difference stems from the use of modification guide
small nucleolar RNAs (snoRNAs) in eukaryotes. The description of
the guide particles as small nucleolar ribonucleoprotein (snoRNP)
complexes gives a slightly misleading impression of their size. Each
box C/D snoRNP contains five proteins (two copies of the methyl
transferase Nop1p/fibrillarin and one copy each of Nop56p/Sik1p,
Nop58p/Nop5p and Snu13p/15.5 K)20 with a single RNA, generally
around 100nt in length, and has a total mass of ~230 KDa (reviewed
in ref. 21). Each box H/ACA snoRNP contains eight proteins (two
copies each of Nhp2p, Nop10p, Gar1p and the pseudouridine
synthase Cbf5p/dyskerin) with one RNA, generally around 200 nt,
and a total mass of ~260 KDa (reviewed in ref. 21). Every yeast 35S
pre-rRNA molecule will associate with around 70 different snoRNPs,
which would have a total mass (~17 MDa) that is much greater than
mature 40S subunits (~1 MDa) or 60S subunits (~2 MDa) (Fig. 1B).
Most snoRNPs bind to conserved regions of the rRNAs, which will
subsequently form the tightly packed cores of the mature subunits.
Labeling data from yeast indicates that methylation directed by the
box C/D snoRNPs is not cotranscriptional but occurs immediately
after the completion of pre-rRNA transcription (Fig. 1B).22 Despite
this observation, the snoRNPs might bind to their complementary
sites as soon as they are transcribed, thereby preventing folding of
the pre-rRNA. However, rapidly growing yeast cells synthesize
around 2000 ribosomes per minute, while the abundance of most
modification guide RNAs is estimated at less than 1000 molecules
per cell. Transcription of the 7 Kb pre-rRNA requires around 4–5
minutes, corresponding to ~8000 nascent transcripts. This suggests
that the snoRNAs cannot generally remain associated with the pre-
rRNAs throughout transcription, at least in yeast. We propose that
the yeast pre-rRNAs are actively prevented from fully folding during
transcription, in order to allow the subsequent binding of the huge
number of large snoRNP particles.
Following modification and snoRNP dissociation, the pre-rRNAs
must presumably be refolded into radically different structures, and
it seems likely that these structural rearrangements will require the
input of energy. Moreover, the many trans-acting protein factors
must rapidly and efficiently bind to, and dissociate from, the pre-ribo-
somal particles and this is also likely to require energy input.
Consistent with a requirement for energy-dependent remodeling,
many yeast ribosome synthesis factors are predicted to hydrolyze
nucleotide tri-phosphates—either ATP or GTP. Ribosome synthesis
factors in both yeast and E. coli include putative ATP-dependent
RNA helicases and GTPases, but the numbers of these factors are
significantly different. Eighteen putative helicases and 6 GTPases are
required for yeast ribosome synthesis, in contrast to the 3 helicases
and 3 GTPases that play roles in ribosome synthesis in E. coli (see
Table 1).
The “RNA helicases” are large family of RNA-stimulated ATPases,
very few of which have actually been shown to display a processive
RNA unwinding activity (reviewed in ref. 23). For no “helicase” is
the actual function in ribosome synthesis known, but it is likely that
they function in remodeling RNA structures and RNA-protein
interactions. In addition, the box C/D snoRNAs, in particular, form
extended base-paired interactions with the pre-rRNA, which are
predicted to be very stable at physiological temperatures and presum-
ably require specific helicase-like activities for their dissociation.
GTPases function in the regulation of almost all aspects of cell
metabolism and generally undergo large-scale structural alterations
in response to GTP binding and hydrolysis. GTPases can be used to
drive structural alterations and frequently have “proof-reading”
functions, in which the timing of GTP hydrolysis determines the
time allowed for productive processing. For example, during protein
synthesis the binding and GTPase activity of the elongation factors
EF-Tu and EF-G is dependent on correct binding of the A and P-site
tRNAs and drives the physical movement of the ribosomal subunits
and mRNA during the translation cycle (reviewed in refs. 24 and 25).
Similarly, it can be envisaged that correct binding of ribosome
synthesis factors and r-proteins or pre-rRNA processing is monitored
by GTPases, with GTP hydrolysis allowing structural alterations
that are required for subsequent steps in assembly and processing.
Many GTPases function together with GTPase activating proteins
(GAPs) and GDP/GTP exchange factors (GEFs). Whether other
ribosome synthesis factors act as GAPs or GEFs for the pre-ribosome
associated GTPases remains to be determined.
Other proteins that are likely to participate directly in the struc-
tural reorganization of eukaryotic pre-ribosomes are the AAA-
ATPases, Rix7p26 and Rea1p/Mdn1p.27,28 Other members of the
AAA-ATPase family catalyze the restructuring or unfolding of
diverse protein complexes (the name is derived from ATPases
Associated with various cellular Activities) including snoRNPs.29 For
further examples see references 30 and 31.  The problems of subunit
refolding may be particularly acute for the large ribosomal subunit,
since structural analyses reveal a very complex core RNA fold that
lacks clear domains,32,33 and it may therefore be significant that
Rix7p and Rea1p are each required for 60S subunit synthesis.
AAA-ATPases frequently function as hexamers30 but Rea1p is itself
a pseudo-hexamer of AAA-ATPase protomers and, at 560 kDa, is the
largest ORF in the yeast genome. Other factors likely to aid rRNA
folding and/or reorganization are the Lsm2–8p proteins.34 These
form a seven membered ring structure and promote changes in RNA
structure and RNA-protein interactions in many contexts (reviewed
in ref. 35). The homologous Hfq complex from E. coli also promotes
RNA interactions36,37 and regulates RNase activity on an mRNA
substrate,38 but no role in ribosome synthesis has been reported.
Conversely, no specific role in eukaryotic ribosome synthesis has
been reported for any of the many heat-shock protein chaperones,
including the yeast homologues of DnaK (Hsp70 family) and
GroEL (Hsp60 family).
The large-scale structural rearrangements of the pre-ribosomes
that we envisage in eukaryotes may well require a physical framework.
Candidates for proteins that might help form such a framework are
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WHY IS RIBOSOME ASSEMBLY SO MUCH MORE COMPLICATED IN EUKARYOTES THAN BACTERIA?
Figure 1. Models for ribosome synthesis in E. coli and S. cerevisiae. The pre-rRNAs have related structures in most organisms, with the small subunit 16S/18S
rRNA and large subunit 23S/25-28S rRNA synthesized by processing from the same transcript. (A) In E. coli the rRNAs undergo largely cotranscriptional
folding, maturation and assembly with the r-proteins. The precursors to the 16S and 23S rRNAs are cleaved from the nascent transcript by RNase III.5 For
clarity, subsequent maturation steps leading to the production of mature subunits are omitted. (B) In S. cerevisiae, the nascent transcript is also cleaved by
RNase III (Rnt1p) releasing the 35S pre-rRNA, which then undergoes post-transcriptional snoRNP-directed modification. The early yeast pre-ribosomes that
have been purified to date, termed the 90S pre-ribosomes or small-subunit processome,41,66 contain several small subunit r-proteins and many factors
required for 40S subunit synthesis, but largely lack 60S subunit r-proteins and processing factors. These purified early pre-ribosomes also lacked snoRNPs
other than U3, but larger pre-ribosomes that contain the 35S pre-rRNA together with the modification guide snoRNAs are predicted to exist in vivo. We speculate
that modification guide snoRNPs present in pre-ribosomal particles at the time of cell lysis, largely complete rRNA modification and dissociate from the
pre-rRNA during the substantial period required for pre-ribosome purification. There is very little data on the timing of rRNA folding and small subunit
r-protein binding in yeast. However, the requirement that the snoRNPs have access to the regions of the rRNAs that will form the core of the mature subunits
suggests that the nascent transcripts must be maintained in a structure that is at least partially unfolded (see text for references).
A
B
a family of large, HEAT repeat proteins that are predicted to have a
curved extended structure.39,40 The Utp20p (280 kDa) and Utp10p
(210 kDa) proteins are components of the early pre-ribosomes in
which snoRNP-directed modification is believed to occur41 and
each is predicted to be long enough to wrap around the outside of
most of a ribosomal subunit. In addition, many ribosome synthesis
factors carry putative protein interaction domains, notably WD and
TPR repeats and potential coiled-coil regions (Dlakic M, personal
communication). Together these may form large, relatively rigid,
protein complexes that provide the structural underpinning of the
assembly system.
In E. coli all of the trans-acting factors are dispensable for ribosome
assembly under optimal conditions, but their absence or mutation
frequently leads to slowed ribosome synthesis with substantial
pre-ribosome accumulation under restrictive conditions. In contrast,
the large majority of yeast ribosome synthesis factors are strictly
essential for ribosome synthesis and mutants do not accumulate
substantial levels of pre-ribosomes. Most yeast processing mutants
show a mild accumulation of one or more pre-rRNA species followed
by their rapid and complete degradation. The exceptions are strains
defective in the late, cytoplasmic processing of the 20S pre-rRNA to
18S rRNA.42,43 These observations suggest that surveillance of
defects in ribosome synthesis is much more stringent in yeast than
E. coli. Defective yeast pre-rRNAs are degraded, at least in part, by
the exosome complex of 3’ to 5’ exonucleases.44 Defective rRNAs in
E. coli are degraded by RNase R and PNPase,45 which are homologous
to exosome components, suggesting that the basic process has been
conserved throughout evolution. How the degradation system
identifies defects in ribosome or pre-ribosome structures that result
from the absence or mutation of any single protein remains unclear.
Another major difference between E. coli and yeast is in the com-
partmentalization of the ribosome synthesis machinery. In E. coli all
of the steps in ribosome synthesis occur in a single compartment. In
eukaryotes this process is partitioned between physically discrete
regions of the cell. Initial processing occurs in the dense fibrillar
component of the nucleolus, with much of the subsequent subunit
assembly in the granular region of the nucleolus. The pre-ribosomes
are then released into the nucleoplasm, accompanied by the dissoci-
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Table 1 NONRIBOSOMAL PROTEINS POTENTIALLY INVOLVED IN REMODELING SUBUNIT STRUCTURE DURING RIBOSOME SYNTHESIS
E. coli S. cerevisiae
Putative helicases 30S Putative helicases 40S Fal1p (YDR021w) 
Dbp1p (YPL119c) 
Dbp4p/Hca1p (YJL033w) 
Dbp8p (YHR169W) 
Dhr1p (YMR128W) 
Dhr2p (YKL078W) 
Rok1p (YGL171W) 
Rrp3p (YHR065C)
Putative helicases 50S DbpA Putative helicases 60S Dbp3p (YGL078C) 
CsdA Dbp7p (YKR024C) 
SrmB Dbp9p (YLR276C) 
Dbp10p (YDL031W) 
Drs1p (YLL008W) 
Has1p (YMR290C) 
Mak5p (YBR142w) 
Mtr4p/Dob1p (YJL050W) 
Spb4p (YFL002C) 
Rrb1p (YMR131c)
GTPases 30S Era GTPases 40S Bms1p (YPL217C)
GTPases 50S ObgE GTPases 60S Nog1p (YPL093W) 
EngA Nug1p (YER006W) 
Nog2p/Nug2p (YNR053C) 
Lsg1p/Kre35p (YGL099W) 
Ria1p/Efl1p (YNL163C)
Protein Chaperones 30S + 50S DnaK
Protein Chaperones 50S GroEL
Putative RNA chaperones 30S RbfA Punative RNA chaperones Lsm2-8p complex 
RimM AAA-ATPases 60S Rea1p/Mdn1p; (YLR106C)
Rix7p (YLL034C) 
HEAT repeat Proteins 40S Utp10p (YJL109C) 
Utp20p (YBL004W) 
Noc4p (YPR144C)
Rrp12p (YPL012W)*
HEAT repeat Proteins 60S Noc1p (YDR060W)
Noc2p (YOR206W) 
Noc3p (YLR002C) 
Sda1p (YGR245C)
Rrp12p (YPL012W)*
*Rrp12p participates in the maturation and export of both subunits.
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ation of many of the ribosome synthesis factors. Finally, the pre-
ribosomes must be transported through the nuclear pore complexes
to the cytoplasm where maturation into functional subunits takes
place. Transfer of the pre-ribosomes between nucleolar compartments
and release into the nucleoplasm may require specific factors.46
Nucleo-cytoplasmic transport of 40S and 60S subunits in both yeast
and vertebrates requires Xpo1p/Crm1p, a member of the large
Importin-β or Karyopherin-β (Imp-β/Kap-β) family of transport fac-
tors (reviewed in refs.17 and 47). These share a structure comprised of
HEAT repeats and have homologous binding sites for the small
GTPase Ran (Gsp1/2p in yeast), which plays a key role in the direc-
tionality of nuclear import and export (reviewed in refs. 48 and 49).
Xpo1p/Crm1p associates with the pre-60S subunit via an adaptor
protein, Nmd3p, which may in turn bind to the 60S r-protein
Rpl10p.50-53 How Xpo1p/Crm1p interacts with the 40S subunit
remains to be determined. Another family of HEAT-repeat proteins
has been implicated in ribosome subunit export (see Table 1).39,40
These proteins are directly associated with the pre-ribosomes, and
we speculate that they help mediate transport of both subunits, perhaps
following the initiation of export by Xpo1p/Crm1p. It is clear that
the nuclear export of ribosomal subunits in eukaryotes involves
numerous factors that will not be required in E. coli. Perhaps even
more significantly, the physical separation of different steps in ribosome
synthesis may have permitted the elaboration of systems that are too
complex to work efficiently were all of the components simply to be
mixed together. This may have been a major factor in the increased
complexity of eukaryotic ribosome synthesis.
In eukaryotes, most newly synthesized r-proteins are imported
into the nucleus prior to their association with the nascent pre-
ribosomes, whereas r-proteins in E. coli probably bind to the nascent
pre-rRNAs directly following their translation. Eukaryotic r-proteins
are imported in complex with members of the Imp-β/Kap-β family
(reviewed in refs. 48 and 49) and these interactions have additional
functions in preventing premature or inappropriate RNA binding by
the r-proteins.54 Import of cargo proteins, including r-proteins, that
are bound to Imp-β/Kap-β factors occurs in association with the
GDP-bound form of Ran (reviewed in refs. 48 and 49). Release of
the cargo from this complex requires the interaction of Ran-GDP
with its GEF, RCC1 (Srm1p/Prp20p in yeast), which promotes
exchange of Ran-GDP to Ran-GTP. It could be envisaged that this
system does not simply deliver r-proteins into the nucleoplasm.
Rather, r-proteins may be transferred to nucleolar carrier proteins, or
directly delivered to the nascent pre-ribosomes. This offers a potential
means of regulating the timing of r-protein assembly and preventing
their premature association with the pre-ribosomes. Unfortunately
the many recent proteomic analyses of yeast pre-ribosomes have not
yet allowed the clear determination of the order of in vivo r-protein
association.19 No detailed r-protein assembly pathway is therefore
available for eukaryotes, but older data show that there are at least
early and late binding r-proteins.67
CONCLUSION
We envisage substantial differences in the organization of ribosome
assembly between bacteria and eukaryotes. In E. coli folding and
modification of the rRNA, assembly with the r-proteins and initial
cleavage of the pre-rRNA are largely cotranscriptional (Fig. 1A). In
contrast, the yeast rRNA precursors undergo post-transcriptional
modification and processing, with the exception of the 3’ cleavage
that liberates the 35S pre-rRNA (Fig. 1B).55 This large (7 Kb) RNA
must initially be prevented from folding in order to allow access of
the snoRNPs and other factors, to regions that are destined to form
the compact cores of the ribosomal subunits. Following modification
and snoRNP dissociation, the pre-ribosomes presumably undergo
very extensive structural rearrangements. The numerous ATPases,
helicases and GTPases presumably drive and monitor this reorgani-
zation. Many of the differences in the numbers of ribosome assembly
factors in yeast and E. coli can potentially be attributed to the use of
modification guide snoRNPs in eukaryotes. Modification guide
sRNPs are also present in Archaea56,57 and many other ribosome
synthesis factors are closely conserved between eukaryotes and
archaea. It seems likely that factors that act together in ribosome
synthesis will show similar patterns of evolutionary conservation.
Detailed analyses of the patterns of protein conservation between
eukaryotes and archaea might therefore be useful in predicting
functional interactions.
Connections between the ribosome synthesis machinery and cell
cycle progression have recently emerged from analyses in yeast (see,
for example, refs. 58–63) and long-standing observations link alter-
ations in nucleolar morphology with malignant transformation in
human cells (reviewed in ref. 64). Moreover, several RNA processing
activities in addition to ribosome synthesis are localized to the
eukaryotic nucleolus (reviewed in ref. 65). It appears that the large
number of ribosome synthesis factors in eukaryotes has allowed the
elaboration of many additional functions.
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